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Introduction: This study investigates the prevalence of silicosis in the South 
African gold mining industry. Gold mining is an important industry in South Africa, 
yet has been blighted by silicosis and tuberculosis in miners since its inception in 
1887. There have been two previous studies conducted in black in-service miners 
using modern epidemiologic methods that found high prevalences of silicosis .The 
objectives of our study were three-fold. Firstly, to determine silicosis prevalence 
stratified by certain variables. Secondly, to compare silicosis prevalences to these 
two previous studies conducted in order to determine whether any secular trends are 
present. Thirdly, to report on any variation in silicosis between mining shaft, mining 
company or mining region, and to generate hypotheses for any variation found. 
Methods: A cross-sectional study was conducted as part of the Thibela-TB project 
in a sample of gold miners in three South African gold mining companies in three 
South African mining regions across 10 mining shafts or clusters. 9,599 participants 
were randomly selected from 10 clusters, (or mine shafts with associated hostels). 
The clusters were chosen from mine shafts with a predicted lifespan of more than 5 
years and with a workforce of at least 1,000 people. A validated questionnaire was 
administered to capture covariates associated with silicosis and tuberculosis. Chest 
radiographs (CXRs) were read by an experienced reader according to the 
International Labour Organisation (ILO) Classification of Radiographs of 
Pneumoconiosis (2000). Pulmonary tuberculosis (PTB) was read according to an 
internal Thibela-TB trial classification system. Crude prevalence of silicosis was 
reported. Prevalences stratified by certain covariates were also reported. Prevalence 
odds ratios were reported at the cluster and regional levels. Pearson’s Chi-Squared 
Test was applied to 2 x k tables. Two sample t-tests were applied for hypothesis 
testing of numerical variables. Results: The crude prevalence of silicosis is 3.86% 
for ILO category 1/1 and above, and 5.22% for ILO category 1/0 and above. The 
mean length of service for all cases read was 17.3 years, (n = 9,531; SD = 10.3), 
and 27.0 years for cases with radiographic silicosis, (ILO category > 1/1) (n = 367; 
SD 7.1). The radiographic prevalence of silicosis, (ILO category > 1/1), ranged 
from 0.19% in the 0-4 year service group to 11.55% in the 30+ year service group. 
There are 15 cases of miners, who may have silicosis, (ILO category 1/0 and 
above), with less than 10 years in the industry. The radiographic prevalence of 










silicosis, (ILO category > 1/1), ranged from 0.19% in the younger than 26 years age 
group to 12.6% in the older than 56 years age group. A total of 20.4% (n = 1,958) of 
the participants had either radiological signs of PTB or a history of current or 
previous TB treatment. The prevalence of PTB evidence on CXR ranged from 
14.68% in participants with no radiographic silicosis to 36.21% in participants with 
ILO category 2 & 3 silicosis. This study generally found a lower prevalence of 
silicosis for both definitions used, compared to the Cowie study conducted in 1984 
for the age stratified groups above the age of 30 years.21 This study has found a 
lower prevalence of silicosis of 11.6% in the 40+ year age group compared to the 
Churchyard (2004) study’s silicosis prevalence of between 18.3-19.9% in a similar 
age group in the same mine shaft conducted around 2000.2 This study found a 
significant three-fold difference in silicosis prevalence, (ILO category > 1/1), 
between the highest prevalence (GN MK) and lowest prevalence (Kloof 7) clusters, 
(prevalence odds ratio 3.0, 95% C.I. 1.8 to 5.2, χ² = 19.6, p < 0.0001). At a regional 
level this study found a significant 2.8-fold difference in silicosis prevalence, (ILO 
category > 1/1), between the highest prevalence (Orkney) and the lowest prevalence 
(Welkom) regions, (prevalence odds ratio 2.8, 95% CI = 1.97 – 4.19, χ² = 35.5, p < 
0.0001). Discussion:  There is still an unacceptably high prevalence of silicosis in 
black in-service gold miners in South Africa, with the crude prevalence reported 
probably being an underestimate due to a healthy worker effect. This study found a 
downward trend in silicosis prevalence compared to the two previous studies 
conducted in black working mining populations. This does appear to show that 
recent progress has been made in combating the scourge of silicosis that has 
afflicted the South African mining industry. However, a healthy worker survivor 
effect could also possibly explain this trend owing to the maturing HIV epidemic 
selecting out silicosis cases. Furthermore, this study has found that there is 
significant variation in silicosis prevalence between gold mining clusters (shafts) 
and between mining regions that requires further research. This variation is 
probably real, and not due to confounding or chance. The reason(s) for this 
variation is probably differences in respirable crystalline silica exposures, and 
possibly differences in respirable dust toxicity between the clusters and regions. 
These are two key areas that require further research. In addition, the 15 cases of 
silicosis in participants with fewer than 10 years of exposure to dust would suggest 
that there are still jobs and tasks in the industry where very high silica dust 










exposures are occurring. The South African government and mining industry have 
set a target of no new cases of silicosis in miners exposed to dust after 2008. This 
seems unachievable.
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Prior to 1984 no studies had been reported using modern epidemiologic 
methods on silicosis prevalence in black in-service mine workers in the South 
African gold mining industry. The first to do so, by Cowie in 1984, found a crude 
prevalence of 1.4%.1 A second more recent study by Churchyard (2004) and others 
conducted on a sample of 520 miners from one shaft in 2000, found an extremely 
high prevalence (about 20%) of silicosis in older in-service black miners. The 
participants in the Churchyard study had on average more than 20 years service 
duration in the industry.2  
Currently in South Africa a large study is being conducted on tuberculosis 
(TB) prophylaxis called the Thibela-TB project. An opportunity was afforded to 
describe silicosis prevalence as part of a sub-study within the Thibela-TB study. 
The Thibela-TB study is a prospective cohort study with a final sample size of 
about 80,000 Southern African gold miners. The Thibela-TB study involved an 
initial baseline study from which information on silicosis was captured.  
This study describes current silicosis prevalence in gold miners in South 
Africa on a large sample (9,599) across 10 shafts, in three mining companies, and in 
three different mining regions in South Africa. It is the first to be able to look at 
intershaft variation in silicosis prevalence, and as such can discuss potential reasons 
for any variation across shaft, company and region. It also provides important and 
current information on secular trends in silicosis prevalence in light of stated aims 
by industry and government to eliminate silicosis. 
1.1 Historical perspective on silicosis 
Mining and quarrying date back 6,000 to 10,000 years. Furthermore, 
accounts of dust-related occupational lung disease afflicting miners and stone-
cutters date back to ancient Grecian times. Hippocrates in 466 BC recognised lung 
disease in quarry workers in Ancient Greece, and Pliny advocated the use of a 
simple pigskin respirator to protect workers from lung disease associated with dust 
exposure.3 In more recent times Agricola, in 1566, described lung disease in stone-
cutters and miners in his treatise on mining.3 Likewise Ramazzini, the father of 
occupational medicine, associated mining with the development of asthma, phthisis, 










cachexia and edema.4 In 1713 Ramazzini made the following prescient observations 
on the association between dust and lung disease in stone-cutters and other 
tradesmen exposed to stone dust 5: 
“Stone-cutters, sculptors, brick-cutters, and all the workers in this line, 
swallow down, when breathing, the hard, sharp, pointed splinters which 
come from the rocks. Hence they are almost always affected by cough and 
some become asthmatic and consumptive. When Diemerbrock performed 
autopsies on stone-cutters who died from asthma, he noticed that their lungs 
were full of very minute stones (‘small sand heaps’) so that, under the 
anatomical knife, the pulmonary ducts looked like sand.”  
More recently Thomas Legge, the first factory inspector of the Home Office 
in England, reported a high mortality in the miners of ganister, a type of silica rich 
fire-clay, and noted “iron grey nodules” in the lungs of these miners in 1901. He 
shared the conviction with JS Haldane, who conducted the seminal 1904 study on 
lung disease in Cornish tin miners, that it was ultimately not the dust, but the 
consumption by tuberculosis that led to their untimely deaths. AL Cochrane, who 
pioneered randomised controlled trials, conducted 30 years of meticulous research 
(with extremely high participant response rates) into pneumoconiosis and 
tuberculosis in the Welsh valle s of Rhondda Fach in the 1950s. He was 
particularly interested in the associations between dust, radiological category and 
disability, and went on to become an international figure pioneering the use of 
randomised controlled trails. 
In assessing recent epidemiology of silicosis, there is evidence that silicosis 
and silica dust related diseases remain a global public health issue. Countries like 
Sweden have just about eliminated silicosis through stringent dust control 
measures.6 However, many millions of workers in various other countries such as 
the United States of America (USA), Brazil, India, China and South Africa are 
exposed to excessively high levels of silica dust.7 For example, significant silica 
dust exposure occurs in diverse industries such as mining and quarrying, 
sandblasting, blast furnaces, construction and stone-cutting. There are an estimated 
10 million workers in China exposed to silica dust, with 9,871 new cases of silicosis 
reported in 1995 alone.8 The USA alone has an estimated 1.7 million workers 
exposed to respirable crystalline silica.9  










In South Africa, silica dust related occupational diseases such as silicosis, 
progressive massive fibrosis, chronic obstructive pulmonary disease (COPD), and 
tuberculosis, have relentlessly and severely afflicted gold miners in the South 
African mining industry since the first discovery of gold on the Witwatersrand in 
1887.  
Elaine Katz, in her excellent book “The White Death”, describes the 
immense toll that silicosis had on the health of gold miners in the Witwatersrand 
Gold Mines between 1886 and 1910.10 Around this period it was estimated that 50% 
of white miners came from Cornwall in England as a result of the downscaling of 
the English mining industry. In contrast to the short term contracts held by black 
miners, the white miners worked continuously underground under relatively long 
term contracts. This continuous exposure to high concentrations of respirable 
crystalline silica dust resulted in exceptionally high morbidity and mortality rates 
from occupational lung disease. The high levels of dust were brought about by poor 
dust control, compounded by the widespread introduction of pneumatic dry-drilling 
in the late 1890s.10 Pneumatic dry-drilling continued until about 1910 when the 
water-fed axial drill was introduced to try and stem the incredible high death rates 
in white miners. 
The Van Niekerk Commission in 1912, for example, found that the average 
life expectancy of a white rock driller was just 33 years, and that they had an 
average working life of only 7 years.10 Unfortunately, mortality rates were difficult 
to assess as many of the affected miners moved back to Cornwall once their health 
had deteriorated to the extent that they could not continue working. However, in 
1907 it was estimated that the total annual death rate amongst rock drillers was 
probably in the order of 109 per thousand drillers.10  
Cornwall exported healthy young men to South Africa, and the 
Witwatersrand gold mines returned those same Cornish rock drillers just 7 years 
later in the final phases of their lives, about to die from cardiorespiratory failure 
from severe silicosis or silicotuberculosis, (or as it was then called – miners’ 
phthisis).  
Although occupational lung disease rates dropped with the introduction of 
wet-drilling in 1910, improved ventilation and new legislation (Miners’ Phthisis Act 










of 1912),11 the rates of silicosis in miners still remained unacceptably high. This 
was especially so in white miners with stable contracts and prolonged periods of 
exposure.  
Since the first discovery of exceptionally rich gold deposits at Komatipoort 
in 1885, the mining industry in South Africa has played a major role in the 
economic and socio-political development of the country over the last century.  By 
1898 South Africa was the world’s biggest gold producer and by 1970 was 
producing 79% of the Western World’s gold.12  
However, the gold was difficult to mine owing to the gold-bearing reefs 
dipping down deep below the surface. This necessitated underground mining. Low 
margins resulted in gold companies needing to be extremely efficient. Consequently 
cheap servile labour was used to reduce labour costs. This resulted in the 
displacement of large numbers of black workers from traditional rural areas to the 
gold mines during the 20th Century. Migrant men working in the mines were 
accommodated in overcrowded single-status hostels. This led to the breakdown of 
the family unit and traditional rural political structures, and thus reduced the self-
sufficiency of rural communities.  
The South African mining industry became the largest in the world, but 
although a rich capitalist class grew out of this, there was also the formation of a 
large oppressed labour class that worked for low pay and in unsafe working 
conditions. This inevitably resulted in increasing friction between labour unions and 
industry (for example, the mine workers’ strike of 1946 involved 73,000 people).  
These conditions were aggravated during the time of the apartheid 
government. The power of the unions was curtailed during the apartheid era, but 
towards the end of the 1980s after the formation of the National Union of 
Mineworkers' (NUM) in 1983, the NUM became an increasingly vocal proponent 
of change in the mining industry.  
From the mid-1970s the stabilisation of the black labour force increased 
considerably, and as a result the average length of service increased.13, 14 With an 
increase in service duration came a concomitant increase in cumulative respirable 
crystalline silica dust loads resident in the lungs of black miners.  










The 1994 Leon Commission of Enquiry into the state of health and safety in 
the mining industry concluded that there was no evidence of improvement in dust 
levels in the mines over the previous 50 years. It also exposed the terrible burden of 
occupational disease and injury in the South African mining industry. Leon found, 
for example, that an estimated 69,000 mine workers had died due to occupational 
disease and injury from the turn of the century up to 1993.15  
The findings of the Leon Commission catalysed the development and 
passing of the Mine Health and Safety Act (MHSA) in 1996. This, together with 
increasing commitments by the mining industry to combat occupational lung 
disease, led to the following agreed milestone at the Mines Occupational Health and 
Safety Summit in 2003: that by the year 2013, “no new cases of silicosis will occur 
among previously unexposed individuals”, (unexposed individuals being defined as 
“unexposed prior to 2008”). In support of this a best practice guideline for the 
prevention of silicosis was developed.16 
1.2 Rationale for the current study 
The current study is a descriptive cross-sectional study using individual 
level data with a sample size of 14,522 individuals with 9,599 reported chest x-rays 
(CXRs). The objective of this report is to determine silicosis prevalence variation 
across 10 shafts from three different gold-mining companies in three different 
regions. The three previous prevalence studies conducted on ex-miners have certain 
limitations. The Girdler-Brown study used data from more than a decade ago and 
was limited to one mine with a sample size of 624.17 The Trapido study18 and the 
Steen study19 were both conducted more than a decade ago with sample sizes of 304 
and 238 respectively.  
Regarding the two prevalence studies conducted on in-service miners, the 
following is evident: the study by Cowie20 in 1987 was not stratified by age (it was 
in the dissertation21), the data were collected over 20 years ago, the duration of 
service was not reported on, silicosis was not classified according to the ILO system 
and is thus difficult to compare to other reports, and the denominator was difficult 
to define; and the study by Churchyard2 was conducted on data from only one mine 
shaft with a sample size of 524 miners. Furthermore, in the Churchyard study there 
is the possibility of bias as employees on sick leave and those on active treatment 










for TB were excluded, thus enhancing the healthy worker effect already likely to be 
present.22 
This sub-study is therefore novel with respect to its size and generalisability. 
The large sample size of 9,599 individuals across 10 mine shafts, three regions and 
three mining companies with stratification by age, duration of service, occupation, 
and pulmonary tuberculosis (PTB) will greatly increase generalisability to the 
industry. It is only the third modern study of in-service miners in South Africa, 
(excluding studies from the first half of the 20th Century), and the first to explore 
variation across mine shafts. The size, generalisability and exploration of variation 
of silicosis across shafts, therefore makes this study potentially very useful. It will 
help to provide up-to-date information on how well the industry is doing to reduce 
the burden of disease from silica dust. Although a cross-shaft risk factor analysis is 
not possible with a sample size of only 10 shafts, the discussion will explore 
potential reasons for any variation in prevalence and identify future areas of 
research. 
1.3 Objectives 
This analysis thus has three objectives: 
Objective 1: Descriptive objective - to determine silicosis prevalence stratified by 
age, length of service, and other variables in this study. 
Objective 2: To compare prevalences stratified by age and length of service to 
previous studies of in-service gold miners in order to determine whether any secular 
trend is evident.  
Objective 3: Any variation in prevalence, (reported as prevalence odds ratios), 
across cluster, region or company will be discussed, and hypotheses will be 
generated to explain any variation found. 










2 Literature Review: Silicosis 
This literature review will show that currently there is considerable variation 
in silica risk estimates. In addition, it will show that there is also considerable 
variation in silicosis rates in Southern African mine workers as estimated from 
modern epidemiological studies, and in particular in black in-service miners. The 
two modern studies on black in-service miners will be reviewed to enable 
comparisons with this study. 
2.1 Silicosis and crystalline silica deposition in the lungs 
Silicosis is a progressive incurable disease caused by the inhalation of 
respirable crystalline silica dust into the lungs. “Respirable” refers to dust particles 
that are of a size small enough to gain access through dep sition and diffusion into 
the small airways of the respiratory tract - specifically the bronchiolar and alveolar 
regions of the lung. The fractional deposition of dust particles in the lungs is 
dependant on the aerodynamic diameter, with about 50% of 4 µm particles gaining 
access into the respirable region of the lungs, but only 5% of 8 µm particles.23  
The 1994 International Commission on Radiological Protection (ICRP) 
model indicates that diffusion of particles into the alveolar-interstitial zone (gas-
exchange zone) peaks for particles between 0.01 and 0.1 µm in diameter,24 which 
interestingly is into the nano-sized range for particles. It is this zone that has the 
slowest particle clearance rates.  
Silicosis comprises one of the pneumoconioses, or fibrotic lung diseases 
caused by mineral dust. The International Labour Organisation (ILO) at the Fourth 
International Conference on Pneumoconiosis held in Bucharest in1971 agreed upon 
the following definition of pneumoconiosis:  
“Pneumoconiosis is the accumulation of dust in the lungs and the tissue 
reactions to its presence. For the purpose of this definition, ‘dust’ is meant to 
be an aerosol composed of solid inanimate particles.”  
A distinction must be made between total inhalable dust, respirable dust and 
respirable crystalline silica dust when assessing exposure: inhalable dust includes 
all types of dust inhaled into the airways; respirable dust is all types of dust that 










enter the respirable region of the lungs; whereas respirable crystalline silica refers 
only to the crystalline silica portion of the total dust that enters the respirable 
region.  
Crystalline silica dust that enters the respirable region becomes trapped deep 
in lung tissue. There is no effective detoxification system,25 apart from a small 
amount that may be cleared through mucociliary action from the larger airways, and 
as a result crystalline silica is highly biopersistent. In addition, crystalline silica is 
fibrogenic, and therefore initiates an inflammatory response that results in fibrosis 
and nodule formation. The mechanisms are not yet clearly understood, but through 
animal and human cell line studies it is thought that the surface of the crystalline 
silica particle promotes the production of Reactive Oxygen Species (ROS).26-30 
ROS-induced oxidative stress turns on certain transcription factors.31 This in turn 
promotes the gene expression of pro-inflammatory chemicals and cellular apoptosis. 
Silica-laden alveolar macrophages are also thought to be less efficient in 
phagocytosing other foreign bodies and apoptotic cells, thus promoting a persistent 
inflammatory state.31  ROS have also been implicated as a cause of DNA damage, 
and hence mutagenesis and carcinogenesis.26, 32-34 However, the genotoxicity of 
crystalline silica in-vitro at concentrations that correlate to exposures found in 
highly exposed workers is not clear.32, 34, 35 
As nodules become more profuse, they become evident as small opacities on 
the CXR. Silicosis can vary radiologically from Category 1 which is conceived of 
as “early” silicosis and has lower nodule profusion to Category 3 which has the 
greatest profusion of nodules and is conceived of as “advanced”. This classification 
has been developed by the International Labour Organisation as an epidemiological 
tool.  
It is important to note that there is no treatment to remove silica dust from 
the lungs once it is trapped in the lungs.  
Nodule formation and fibrosis slowly progress over time, with the length of 
time since first exposure and the cumulative exposure dose both associated with 
severity of disease in a dose-response relationship.2, 36-40 Host factors, the size 
distribution of respirable particles, and particle surface characteristics and co-
contaminants may also play a somewhat uncertain role in the development of 










silicosis as discussed below in Section 2.9. Lower degrees of profusion may be 
relatively well tolerated, (apart from increasing the risk of PTB and possibly lung 
cancer). However, as the profusion increases and/or the nodules coalesce, so lung 
function declines.41-46 Eventually adjacent nodules may coalesce to form a mass 
which, when greater than 10mm in size, is termed progressive massive fibrosis.  
2.2 Chemical forms of silica and exposure limits 
Silica, known chemically as silica dioxide (SiO2), is an extremely common 
substance found in the earth’s crust. Silica forms either a crystalline structure or an 
amorphous structure, with the crystalline form posing the highest risk to health. 
There are various forms of crystalline silica, with the American Conference of 
Governmental Industrial Hygienists (ACGIH) in 2005/6 placing quartz, cristobalite 
and tripoli forms all into one group named “Silica-Crystalline”. Tridymite was 
withdrawn owing to insufficient data. Therefore there are now two groups of silica 
with a recommended ACGIH threshold limit value (TLV): 1) Silica-Amorphous; 
and 2) Silica-Crystalline. The South African Department of Labour (DoL), 
Hazardous Chemical Substances regulations, as well as the Department of Minerals 
and Energy (DME) occupational exposure limits include tridymite as part of “Silica, 
crystalline”. In addition to these three forms that make up crystalline silica, there 
are an estimated 27 other stable and metastable polymorphs of crystalline silica that 
are known to exist.47 
Mining exposes and liberates silica dust through grinding, blasting, drilling, 
cutting, tipping, pouring and chipping. The ACGIH TLV applies to the proportion 
of dust less than 10 microns in diameter known as “respirable crystalline silica 
dust”. It is odourless, may be invisible to the eye at concentrations that cause 
disease, and can remain airborne for hours after being liberated. 
2.3 Silica exposure and associations with disease other than silicosis 
Silica not only accumulates in the lungs but has also been found in other 
organs and systems in the body, particularly in the lymph nodes surrounding the 
lungs.48 In addition, silica is classified as a human carcinogen (IARC Group 1) with 
silicosis and silica dust exposure both associated with lung cancer. Steenland’s 
pooled analysis done in 2001 estimated that, “the excess lifetime risk (through age 
75 years) of lung cancer for a worker exposed from age 20 to 65 at 0.1 mg/m3 










respirable crystalline silica (the permissible level in many countries) was 1.1 - 
1.7%, above background risks of 3-6%”.49 A significant risk, according to the 
Occupational Safety and Health Administration in the USA (OSHA), is somewhere 
above 0.1% excess risk of death, (for example, death resulting from lung cancer).  
There is some debate, however, around how strong the association between 
silica exposure and lung cancer is, as there may be other carcinogenic chemicals in 
hardrock mining that are acting as confounders that have not been properly 
controlled.50-52 The ACGIH (2006) consider that an acceptable exposure limit for 
preventing silicosis will also be acceptable for preventing excess risk of lung 
cancer, and thus exposure limits have generally been set with silicosis as the 
sensitive endpoint. 
Silica exposure has also been associated with kidney disease and arthritis,53-
55 and with systemic sclerosis and scleroderma.20, 56 
Silica exposure and silicosis have in numerous studies, been strongly 
associated with the development of tuberculosis. Studies in Southern African gold 
miners for example have found between a 1.6 and 6.3 times increased risk of 
tuberculosis in miners with silicosis.57-60 Furthermore, these studies have found an 
increased prevalence of tuberculosis in miners without radiographic silicosis but 
with silica dust exposure, 59-61 and even in the absence of negligible silicosis at 
autopsy but with silica du t exposure.60 The landmark study by Hnizdo and 
Murray60 reported on a cohort of 2,255 white miners followed up over a period of 
approximately 25 years, with 1,296 autopsies having been performed in 81% of the 
deceased miners. The study reported a 4-fold increased risk for PTB in the presence 
of radiographic silicosis, and a 2.7-fold and 2.3-fold increased risk in the presence 
of slight and moderate to marked silicosis at autopsy respectively. For those with no 
radiographic or pathological evidence of silicosis there was a cumulative silica dust 
dose-dependant increase in risk of PTB.  
There is some evidence to show that TB may bring out the silicosis on 
CXR.62 Presumably this occurs when TB infection stimulates alveolar macrophages 
into secreting various interleukins, chemokines, tumour necrosis factor and growth 
factors, thus simultaneously amplifying the fibrotic response to incarcerated silica 
particles. Conversely, alveolar macrophages and lung epithelial cells with 










phagocytised silica particles do not seem to function effectively in phagocytising 
apoptotic cells and mycobacteria,31 hence increasing the risk of active TB.  
It must be noted that white miners generally have fewer risk factors for TB 
than black miners. This is mainly owing to much lower rates of HIV infection, 
(although HIV is a more recent epidemic and would not have been a factor when 
the Hnizdo and Murray study was conducted). However this reduced risk is also due 
to better socio-economic status related determinants for TB, such as better housing 
and nutrition, and greater access to quality health care.  
It would therefore be expected that the risk for PTB in the presence of silica 
exposure in black miners could be even higher. For example, trends in autopsy data 
report that in 2007 about 40% of black miners have active PTB at death.63 
Interestingly the Hnizdo and Murray study also found that about 90% of white 
miners developed radiographic silicosis before the onset of PTB, with an average of 
7.6 years from the end of exposure to dust to the diagnosis of PTB.  
It has also been shown that HIV infection and significant silica dust 
exposure interact in a multiplicative way to increase the risk of tuberculosis.57 
Furthermore it has been shown that the presence of silicosis is a significant risk 
factor for death in miners with PTB (controlled for HIV), and therefore that control 
of silicosis would not only reduce PTB incidence but also TB related mortality.64 
This is important to note for mining operations in high prevalence TB countries 
where silica control should play an important role in workforce PTB controla, but 
unfortunately often does not. 
2.4 Silica risk estimates 
Dose-response curves calculated from 5 different studies,2, 8, 37, 39, 65 
excluding a cohort study done on Ontario hardrock miners,66-68 estimated risks that 
were roughly similar, and led to the same conclusion: that an exposure limit 
standard of 0.1 mg/m3 for respirable crystalline silica was not sufficiently 
protective to worker health over a 45-year working life. Exposure at an OEL of 
0.1mg/m3 respirable silica dust over a 45-year working life would result in a 
cumulative respirable dust exposure of 4.5 mg/m3-yrs. Curves generated from 
                                                 
a See the International Council on Mining and Metals (ICMM): Guideline on HIV, 
Tuberculosis and Malaria, 2008 










selected cohorts of silica-exposed workers in North America, China and South 
Africa are shown below in Figure 1 from Chen in 2001.8 These curves show the 
cumulative risk of silicosis at various cumulative exposures to respirable crystalline 
silica dust. A cumulative exposure of 4.5 mg/m3-yrs translates into a risk of 
silicosis of between 55% in Chinese tin miners in the 2001 Chen study,8 70% in the 
Steenland and Brown study from North America,3777% in the Hnizdo and Sluis-
Cremer study in white South African gold miners,39 and 92% risk of silicosis for the 
Kreiss and Zhen study on Chinese miners.65  
 
Figure 1: Dose response curves for silicosis from 4 major studies: Cumulative risk 
of silicosis versus cumulative exposure to respirable crystalline silica dust. Courtesy 
of Chen (2001).8 
 
The cumulative risk in a cohort of Chinese tin miners was, however, 
considerably less in a later study by Chen in 2005,40 with a cumulative risk of about 
33% at 4.5 mgm3-yrs of respirable silica dust. The difference may be explained by 
the fact that the 2005 dataset was different. More specifically, there were more 
mines added to the 2005 dataset than were in the 2001 dataset, (personal 
communication, E Hnizdo, National Institute of Safety and Health USA). The 
Chinese datasets required the conversion of exposure measurements from a Chinese 
methodology to a USA methodology to allow comparable analysis of respirable 
crystalline silica as explained in the 2005 Chen paper.40 This may have introduced 
additional imprecision.  










Finally, the prevalence survey of in-service mines by Churchyard and others 
in 2004 indicated a very high (32%) prevalence of silicosis at a midpoint 
cumulative quartz exposure of 2.28 mg/m3-yrs in older black South African gold 
miners.2 
Although these studies indicate risks of silicosis that are roughly similar, 
there is still variation between these studies. Furthermore, there are other 
international studies in considerable disagreement with regards to the risk posed by 
silica dust exposure for silicosis. Ontario hard-rock miners were found to have a 
much lower risk of silicosis, with only a 2% risk of silicosis at about 5 mg/m3-yrs 
cumulative exposure to respirable crystalline silica.66-68 The Ontario cohort, 
however, only included in-service miners and may have underestimated risk as a 
result.  
Western Australia has reported no compensable case of silicosis in miners 
whose first dust exposure began during or after 1974, despite a very well-
established and extensive mining industry with about 45,000 miners working in 
1998, and notwithstanding a respirable crystalline silica exposure limit standard as 
high as 0.2mg/m3.69, 70 However, medical surveillance for silica in Western 
Australia has fallen away since 1996 due to a change in the legal environment.69 
This, together with the relatively recent increase in the size of the mining workforce 
since the late 1980s, may have led to an underestimation of silicosis prevalence 
and/or may result in silicosis rates increasing substantially in the years to come once 
the cohort from the 1990s has had sufficient time to develop silicosis. 
2.5 Silicosis incidence and length of service 
Prior to 1984, there were no reliable estimates of silicosis prevalence or 
incidence in black miners. Virtually all reasonable quality data came from studies 
and compensation statistics generated on white miners. This was partly due to lack 
of data generated on black miners, and partly due to the withholding of data from 
public consumption by the Chamber of Mines and private mining companies.13 
Regarding the estimation of rates, numerator data that was reported on black 
miners was mostly in the form of compensation cases recorded with silicosis. The 
data grossly underestimated the true frequency of silicosis cases14 as most black 
miners: 1) were never followed up after leaving service; and/or 2) did not have 










access to compensation services; and/or 3) developed PTB and were dismissed on 
medical grounds and were never followed up for silicosis; and/or 4) were 
undiagnosed during service for reasons discussed below.  
The denominator data required to calculate incidence or compensation rates 
was uncertain due to frequent and intense migration into or out of the mine 
workforce. Many black miners, especially prior to the 1970s, did not work 
permanently on the mines and spent periods of each year back in their home 
villages. For example, Watkins-Pitchford made mention of this practice as far back 
as 1927, and more recently, Cowie in 1987.21, 71 Many workers were not South 
African and came from Mozambique, Botswana, Lesotho and other neighbouring 
countries and returned home regularly. In addition, human resource data were often 
not robust enough to capture this constantly evolving workforce with sufficient 
accuracy to allow calculation of the true denominator. The denominator problem 
and issues surrounding it are well described by Cowie.1 
Studies on white miners indicated that the average length of service had 
increased from around nine and a half years in 1919 to just below 25 years in 
1969.72 Further, that silicosis compensation rates, (included “coloureds” after 1962), 
had remained stable at between 5-15 per 1000 workers per year from 1935 to 
1985.13 Dust levels must have fallen somewhat during this period as compensation 
rates remained stable despite increasing length of service.  
For black miners the data are very limited, although the average length of 
service in 1985 was around 14 years, and corresponding compensation rates were 
around 5 per 1000 workers for this period. JP Leger came to the conclusion that 
black miners must have been exposed to much higher dust levels on average, 
(similar to those experienced by white miners in the 1930s by extrapolation of the 
data), as their average length of service in the mid 1980s was about half that of 
white miners, yet they seemed to have silicosis compensation rates approaching 
those of whites.13 
Compensation data with regards to silicosis are, however, unreliable for 
black miners in South Africa. Black miners found to have compensable 
occupational lung disease were statutorily unfit to work underground. For white 
miners to be found unfit for underground work, the Occupational Diseases in Mines 










and Works Act of 1973 (ODMWA) required certification with second degree 
pneumoconiosis (i.e. more than 40% incapacity) or PTB in combination with a 
compensable disease. However, for black miners it required just the presence of a 
compensable disease.  
As the compensation system was geared to benefit white miners, and made 
access very difficult for black minersb, dismissal or retrenchment on medical 
grounds for black miners would result in their losing their source of income, and in 
most cases consigning them to poverty. Thus it was widely held that black workers 
would try to avoid medical examinations and that doctors sympathetic to their plight 
would be reluctant to diagnose them with an occupational lung disease.13, 21  
The legislation has since changed, and currently only miners found to have 
second-degree compensable occupational lung disease are required under the 
amended ODMWA legislation to be found unfit to work underground. Recently 
there are efforts to try and place some of them. For example, the AngloGold 
Ashanti gold mining company in its 2007 report states that out of a total Southern 
African workforce of about 31,000 people: 462 new cases of silicosis were detected 
and submitted to MBOD; 414 cases of early occupational illness were detected, of 
which 42% “chose to be medically discharged” and the rest were placed or 
continued in their current job; and 911 employees were found permanently unfit, of 
which 16% were accommodated. 73 
Currently some South African mining companies apparently submit silicosis 
with an ILO category > 1/1 and others only submit cases that are > 2/2. Thus there 
are still currently discrepancies in how companies submit cases of silicosis for 
compensation. 
2.6 Silicosis prevalence 
With regard to prevalence, the first study done on silicosis prevalence in 
South Africa, and the first internationally to use chest radiographs, was conducted 
in 1911 on a sub-sample of 326 miners from an original sample of 3,163 white 
miners as part of the Miners’ Phthisis (Medical) Commission. The commission 
found pronounced phthisis in 26% of miners and suspected phthisis in 5.5% of 
                                                 
b Up to 1992, black miners had no access to the Medical Bureau for Occupational Diseases 
 (MBOD)13 










miners, with the average length of service for the phthisis cases being 8.2 years. It is 
not clear whether this was radiographic silicosis or radiographic silicosis plus 
clinical opinion. It seems to have been the latter, as Elaine Katz states that 24 cases 
of miners phthisis were reported in the radiographic survey which would result in a 
prevalence of radiographic silicosis of 7.4%.10 It is probable that the radiographic 
survey underestimated the prevalence, as interpretation of CXRs for silicosis was 
not standardised and the quality of CXRs was uncertain, thus casting doubt on both 
the sensitivity and specificity of early radiographic surveys for silicosis.  
A second radiographic prevalence study was reported in 1970 by Beadle and 
Harris where 10% of a sample of long-exposed older white miners was found to 
have “P1, M1, N” or higher radiographic evidence of silicosis.74 The radiographic 
survey was conducted on the cohort in 1968. All participants had worked more than 
3,000 shifts underground and had more than 30 years service, with 36% still 
working underground in 1968 when the cohort was analysed. Survivor curves were 
also calculated, in what was the first dose-response analysis of silica dust and 
silicosis. In addition, 9% had been certified at autopsy and were therefore not 
captured in the cross-sectional survey. The total with silicosis (radiographic and 
autopsy) was therefore probably closer to 19%.  
There are three studies describing silicosis prevalence in black former 
migrant ex-miners in labour sending areas of Southern Africa17-19, and two modern 
studies describing silicosis prevalence in in-service black gold miners in South 
Africa.1, 2 These are described in detail in the next section. 
Finally, South Africa has a unique autopsy database, with legislation 
requiring that any deceased person that worked in a controlled mine, with consent 
of next of kin, has their cardiorespiratory organs submitted for examination. Trends 
show a rise from about 15% prevalence of silicosis at autopsy in black gold miners 
in 1977 to 30% in 2007.7, 38, 63 
2.7 Prevalence in ex-miners 
The three studies in ex-miners found a prevalence in the order of 25%.17-19 
The Steen study was conducted on 227 ex-miners in Thamaga village in Botswana 
in 1994, with an average age of 55.8 years, an average of 14.6 “years in mining” 
and an average of 15.7 “years since last service”.19 










Table 1: ILO readings pertaining to former mineworkers in Thamaga, Botswana 






0/0-0/1 68.2 63.6 
1/0-1/2 18.1 21.1 
2/1-2/3 10.1 14.5 
3/2-3/3 3.5 0.9 
Signs of PTB 23.9 33.3 
*Seven Thamaga radiographs were unreadable 
†10 Libode radiographs were unreadable 
 
Thus we can infer that the average ex-miner would have started work on the 
mines around 1964, a period well before the stabilisation of black miners’ service 
contracts.  
The Trapido study was conducted on 228 ex-miners in the Libode district in 
South Africa in 1996, with an average age of 52.8 years, average “years in mining” 
of 12.2 and average “years since last service” of 11.9.18 From this study we can 
estimate that the average miner started work on the mines around 1972, just before 
the period when stabilisation of the black workforce started, (the significance of 
stable job contracts will become apparent later).  The radiographic silicosis 
prevalence in these 2 groups is summarised in Table 1 adapted from NW White.14 
The Girdler-Brown study was conducted on 779 ex-miners from Lesotho in 
1999, with an average age of 49.4 years, an average “duration of employment” of 
25.6 years, and the ex-miners were studied about 18 months since last employment 
when they were laid off on economic grounds.17 The radiographic silicosis 
prevalence (≥ ILO category 1/1) was 24.6%. The prevalence cannot be directly 
compared to the Trapido and Steen studies as they reported on an ILO reading that 
included 1/0. 
2.8 Prevalence in in-service black miners 
The study by Cowie on in-service black miners in 1984 found a prevalence 
of silicosis of between 0.87% and 1.38% (lower and upper bound estimates from 
two different methods used to estimate prevalence).1 1.38% was thought to be a 
minimum estimated prevalence and most probably an underestimate of the true 
prevalence. The study was conducted on gold miners in the province of the Orange 










Free State (now called the Free State). The study was not conducted as a cross-
sectional survey of a sample of miners, but rather by two methods:  1) on a series of 
100,880 consecutive 100mm CXRs (mass miniature radiographs or MMRs) taken 
over a 6-month period as part of routine medical surveillance; and 2) on 12 months 
of reported silicosis cases from routine medical surveillance. The paper does not 
report on length of service or age, but information on age is available from Cowie’s 
dissertation.21 The dissertation reported a mean age for silicotics of 45.4 years, with 
a minimum of 26 years. In the general workforce the estimated mean age was 28.7 
years. In those aged between 51 and 55 years Cowie found a silicosis prevalence of 
15%.  
The study has a number of problems which Cowie acknowledged: 1) the 
denominator was difficult to ascertain and was thought to be an overestimate, and 
thus the prevalence was underestimated, and 2) MMRs were read instead of large 
film CXRs as used in the ILO classification. However, a validation study was 
performed and indicated the MMR had 93% sensitivity in detecting silicosis 
compared to the large film and a Kappa statistic of 0.89.  
The third problem, (that is not identified by Cowie in the study or 
dissertation), is that the definition of silicosis is not clear, (he defines it as, 
“…radiological abnormality consisting of regular nodular opacification…”). 
Cowie’s definition does not relate directly to the ILO classification, and hence the 
prevalence is not easily comparable to other studies. This could be due to the fact 
that there is no ILO reference standard for MMRs.  
The Churchyard study (2004), done on a sample of older in-service black 
gold miners from one shaft in the Orkney region in 2000/2001, found a high 
prevalence of radiographic silicosis of between 18.3% and 19.9% depending on the 
reader.2 Furthermore, it reported silicosis in 48% of miners with over 30 years 
mining experience. The average age was 46.7 years, with a mean duration of 
exposure of 21.8 years. The minimum age reported was 37 years, with 40 years 
being set as the entry point into the study. 
2.9 Variation in silicosis rates and risk estimates 
As suggested earlier, the literature review highlights considerable variation 
in risk estimates and in prevalence in in-service miners. With regards to prevalence, 










the Cowie study1 found a prevalence of 1.4% in in-service miners, and the 
dissertation reported a stratified prevalence of 15% in the 51 to 55 years age group 
from the same sample21. Sixteen years later, the Churchyard study2 however found a 
much higher prevalence of around 20% in miners over the age of 37 years (from a 
different mine shaft). If one takes the Churchyard group with 25 to 30 years of 
mining experience to approximate the age group 51-55 years in the Cowie study, 
the Churchyard prevalence was over double at around 35%. It was, however, in a 
different shaft and the selection of cases was not necessarily equivalent. 
With regards to the variation in the risk estimates, the question that arises is: 
are there risk factors involved in determining silicosis development other than 
cumulative respirable crystalline silica exposure?  
There has been speculation, for example, that: 1) the difference in risk 
estimates in Chinese pottery workers from those of Chinese miners is due to the co-
contamination of silica dust with clay that reduced the biological toxicity of the 
silica particles in the former40; 2) different silica polymorphs have different 
biological effects47, 75; 3) host factors play a role, especially regarding genetic 
polymorphism determining alveolar macrophage performance76, 77; and 4) the 
surface properties of quartz particles and their resultant biological toxicity are 
modified by various factors such as the age of the particle, the temperature and pH 
it has been exposed to, and adjuvant actions of other chemical contaminants.29, 30, 78-
88  
For example, aluminium contamination has been found to reduce the 
toxicity of quartz in rat lungs,89 while iron contamination has been shown to 
enhance quartz toxicity in rat lungs.90 
Extrapolating animal data to humans is problematic, but recent advances in 
ex vivo testing of human cell lines including human lung epithelial cells exposed to 
various polymorphs and sizes of silica particles could advance our current 
understanding of silica toxicity. There could also be epidemiological differences 
between the studies, with bias and confounding also accounting for the variation, 
either partially or completely. 
Regarding the objectives as set out in Section 1.3, the literature review has 
shown that silicosis prevalence estimates vary considerably in black in-service gold 










miners in South Africa. It has also reported on the high prevalence of silicosis found 
in retired black miners. The variability in prevalence reported in working black 
miners is of concern, as silicosis is a significant public health problem in Southern 
Africa, and in other regions, and there is now a commitment in South Africa to try 
and eliminate silicosis. This study will report on silicosis prevalence in an industry-
wide sample, and as such will allow secular trends to be determined by comparison 
of prevalence with previous studies. Furthermore, this literature review has shown 
the considerable variability in risk estimates, and uncertainty in the toxicology of 
crystalline silica. There is debate at present on whether the variability in risk 
estimates for silica are purely due to differences in estimating cumulative exposure 
to respirable crystalline silica, or whether variation in dust toxicity plays an 
important role. This study’s third objective aims to generate hypotheses for future 
research in the event that variability in silicosis prevalence differences are found at 
the cluster, company or regional levels. Future research into exposure assessment 
could allow a review of the exposure-response curves, as this study should generate 
a reliable estimate of outcome responses (silicosis prevalence). 











This study was conducted as a sub-study derived from the parent Thibela-
TB study currently being conducted on gold miners in the Gauteng, Free State and 
North West provinces of South Africa. The Thibela-TB study is an open cluster 
randomised prospective cohort study. Three mining companies are involved – 
Company A, Company B and Company C, with each company contributing five 
clusters to the Thibela-TB study. Each cluster comprises a mine shaft with its 
associated hostel housing the mine workers. The clusters were chosen from mine 
shafts with a predicted life span of more than five years, and with a workforce of a 
minimum of 1,000 people.  The aim of the Thibela-TB study is to compare the 
efficacy of isoniazid preventative therapy as a community-wide intervention with 
the current standard of care for TB among gold miners in South Africa.  
3.1 Baseline survey 
A baseline cross-sectional survey for radiological silicosis and tuberculosis 
was performed on a sample from all clusters in both the intervention and control 
groups. The aim of the baseline survey was to determine the prevalence of 
radiographic silicosis and tuberculosis at baseline, as there are synergistic effects 
between silica dust exposure, silicosis and tuberculosis. The presence of HIV 
infection, which is also associated with the development of tuberculosis, was not 
determined from biological samples owing to labour union opposition. HIV status 
was originally intended to be included in the baseline survey. 
3.2 Sample selection 
The sample size was around 1000 individuals per cluster, and was selected 
randomly from a list of employees provided by the Human Resources departments 
of the three companies. Miners of any age and gender were included in the sample, 
and a detailed history was taken from each miner with a focus on variables relevant 
to TB risk, but also including variables relevant to silicosis risk. The most recent 
chest radiograph taken by the mining company was identified and converted into 
digital format for reading by an experienced reader to determine the presence and 
grade of silicosis and features compatible with old or new PTB.  The sample 










selection process did not exclude any participants, with both mine employees and 
contractors being eligible for selection.  










3.3 Consent and ethics approval 
Participants were provided with information about the study in their native 
language, and informed consent was obtained. Ethics approval was obtained for the 
Thibela-TB study from the University of Kwa-Zulu Natal and London School of 
Tropical Medicine and Hygiene. Ethics approval for the dissertation was obtained 
from the University of Cape Town. 
3.4 Data management  
Electronic case record forms (eCRFs) were used to capture all the data into a 
database by trained staff. The database was hosted by a client/server architecture 
using a software application, and personal identifiers were removed prior to 
analysis. Data monitoring, validation and quality control procedures, both internal 
and external, are detailed in the Thibela-TB study protocol version 4.0. Data was 
double captured and analysed using STATA version 10 and Microsoft Office Excel 
2003. 
Missing data and suspect entries were identified by the data manager during 
data auditing. The person(s) responsible for primary data capture was/were 
informed and asked to verify entries and complete missing data points where 
possible, with the assistance of the investigators. 










3.5 Measurement of prevalence of radiographic silicosis and PTB 
Full-size posteroanterior chest radiographs were used, and were read 
according to International Labour Organisation (ILO) International Classification of 
Radiographs of Pneumoconiosis (2000) criteria, that were modified to exclude the 
subcategories of profusion between 1/1 and 3+. Progressive massive fibrosis was 
not specifically coded, but could be included on the eCRF as a comment. Other 
parenchymal and pleural abnormalities were coded according to a system developed 
by the study team. Features compatible with PTB were graded as definite, probable 
or possible, and as active or previous PTB. Active definite PTB included cavities, 
soft cotton-wool type consolidation, and a miliary pattern. Active probable PTB 
included a pericardial effusion, pleural disease along with other radiographic 
features consistent with PTB, and hilar adenopathy. Active possible PTB included 
diffuse infiltrates which are more hilar in distribution, changes in the apical segment 
of the lower lobe, pleural disease without other radiographic features of PTB, and 
mediastinal lymphadenopathy. Previous definite PTB included evidence of a 
primary complex, scarring of one or both upper lobes, apical pleural thickening, and 
bilateral upper lobe volume loss. Previous probable PTB included old upper lobe 
cavitation. Previous possible PTB included a miliary pattern with fibrotic changes, 
changes in the apical segment of the lower lobe, and loss of the pleural angle and 
pleural scarring. 
Chest radiographs were read by one experienced lay reader who had 
previously demonstrated excellent intra-individual consistency and whom had read 
on previous epidemiological studies.91-94 The reader has been screening radiographs 
using the ILO system and referring cases for compensation since 1974, and has thus 
graded many thousands of radiographs. The reader was blinded to the participant's 
history.  
A validation study is currently being conducted by a second reader on a 
subset of chest radiographs. 
3.6 Analysis 
A descriptive analysis was performed. Radiographic silicosis was defined as 
small rounded or mixed rounded/irregular shaped opacities of ILO category 1/1 and 
above. The prevalence of radiographic silicosis was classified into four ILO nodule 










profusion categories: no silicosis (0/0 and 0/1); ILO category 1/0; ILO category 1 
(excludes 1/0); and ILO categories 2 and 3 combined, with no subcategories 
reported in the ILO classification above 1/0.  
ILO category 1/0 was reported separately, as: 1) some studies uses this 
subcategory as a cut-point for defining silicosis; and 2) correlation between 
radiographic silicosis and silicosis on autopsy has shown that including ILO 
category 1/0 in South African gold miners, (a dust exposed working group), 
increases the sensitivity of radiography for silicosis, without much trade-off in 
specificity.95 Interestingly, including 1/0 did not increase sensitivity much but had a 
marked impact on the positive predictive value and specificity in another study on 
South African gold miners using MMRs rather than large film radiographs.91 
Silicosis was also analysed as a binary categorical variable – “silicosis” and “no 
silicosis”.  
Histograms were constructed for silicosis prevalence stratified by length of 
service. Summary statistics, including mean, median, inter-quartile range and 
minimum and maximum values were calculated for the numerical variables age and 
length of service stratified by region, company and cluster (shaft). The prevalence 
of radiographic silicosis was then stratified according to various risk factors such as 
age, years in industry, and occupational history. In addition, the association between 
silicosis and PTB was explored, and PTB prevalence in silicotics and non-silicotics 
was described. Crude prevalence odds ratios were calculated for silicosis as a binary 
outcome variable, and Pearson’s Chi-Squared Test was applied to 2 x k tables. Two 
sample t-tests were applied for hypothesis testing of numerical variables. The 
Royston ptrend command was used to generate a Chi-Squared test of trend in 
STATA 10 for some of the 2 x r tables.  
In terms of precision of the estimate, 95% confidence intervals were 
reported, and a p-value of <0.05 was generally considered significant, but also 
taking into account the confidence interval and the sample size. 
 










Table 2: Matrix of Covariates 
Variable Type Form Comment 
Region Categorical Nominal 3 regions 
Company Categorical Nominal 3 companies 
Shaft Categorical Nominal 10 clusters/shafts 
Age Categorical Nominal 5-year intervals 
Gender Categorical Binary  
Ethnic group Categorical Nominal 4 ethnic groups 
Country of origin Categorical Nominal 6 countries 
Year of first 
employment 
Numerical Discrete 
Correlates to length of 
service 
Type of work Categorical  Binary Underground versus surface
Frequency of work 
underground 
Categorical Ordinal 
Graded from “full time” to 
“never” in 7 categories 
History of PTB Categorical  Binary Current or past history 
Radiological evidence 
of PTB 
Categorical  Binary 
Active or Previous – with 
each being graded as 















4.1 Missing data and sample comparisons  
In general the quality of the dataset was excellent with very few missing or 
dirty data. For example: the age variable had only 0.81% missing datapoints (n = 78); 
the years in industry variable had only 0.71% (n = 68) missing datapoints; cluster, 
company and region variables had no missing datapoints; history of PTB variable had 
only 0.15% (n = 14) missing datapoints; and radiographic evidence of PTB variable 
had no missing datapoints. There was only 1 missing datapoint for ethnic group. 
There were no significant differences in age, length of service, and TB rates on 
history between those participants who had a radiograph reported (  = 9,599) and those 
who did not (n = 4,923). 
4.2 Crude prevalence of silicosis 
A total of 502 cases were read as ILO category 1/0 and above. The overall 
(crude) prevalence of silicosis in the participants sampled is shown in Table 3 below. 
The crude prevalence is 3.86% for ILO category 1/1 and above, and 5.22% for ILO 
category 1/0 and above. 84% (n=313) of cases read as 1/1 or above fell into category 1, 
15% (n=56) into category 2 and only 5% (n=2) in category 3. There were no readings 
of subcategories above 1/1. 
Table 3: ILO category (n = 9,599) 
ILO Category                                
(Freq. / %) 
0/0 0/1 1/0 1* 2 & 3 
9,064 33 131 313 58
94.43 0.34 1.36 3.26 0.60
*ILO Category 1 excludes 1/0 
 
4.3 Prevalence of silicosis by years in the industry 
The mean length of service for all cases read was 17.3 years (n = 9,531; SD = 
10.3) and 27.0 years for cases with radiographic silicosis (ILO category > 1/1) (n = 
367; SD 7.1). Table 4 reports the radiographic prevalence of silicosis (ILO category) 
by years in the industry as an ordinal categorical variable. The radiographic prevalence 










of silicosis (ILO category > 1/1) ranged from 0.19% in the 0-4 year service group to 
11.55% in the 30+ year service group. There was an ordered increase in the prevalence 
by increasing years in the industry. There was also an ordered increase in the profusion 
of nodules for cases read with silicosis with increasing years in the industry. For 
example, no cases read with radiographic silicosis (ILO category > 1/1) in the 10-14 
year service group had category 2 or 3 profusion nodules, which rose to about 10% of 
cases in the 15-19 year service group, and to 25% of cases in the 25-29 year group, and 
dropped back to 18% of cases in the 30+ year group. The Chi-Squared Test showed a 
highly significant difference in the distribution between ILO categories when tabulated 
by years in the industry as an ordinal categorical variable (χ² = 494, p < 0.001).  There 
are 15 cases in this sample of miners, who have developed silicosis (ILO category 1/0 
and above) with less than 10 years in the industry. The Chi-Squared test for trend was 
highly significant for ILO category > 1/1 (p < 0.0001). 
Table 4: ILO category by years in industry (ordinal) (n = 9,529) 
ILO category                          
(Freq. / %) 
Years in 
Industry   
(years) 1/0 1* 2&3 > 1/1 
2 3 0 30-4  
0.13 0.19 0 0.19
4 6 0 65-9  
0.48 0.72 0 0.72
3 12 0 1210-14  
0.21 0.84 0 0.84
20 28 3 3115-19  
1.28 1.79 0.19 1.98
23 54 12 6620-24  
1.51 3.54 0.79 4.33
31 76 19 9525-29  
2.44 5.99 1.5 7.49
45 130 24 15430+  
3.38 9.75 1.8 11.55
128 309 58 367Total 
1.34 3.24 0.61 3.85














4.4 Prevalence of silicosis by age 
Table 5 reports the ILO category by age group as a categorical ordinal variable. 
There is generally an ordered increase in ILO category with increasing age as one 
would expect, although there is a flattening in the categories 2 and 3 for the 56+ year 
age group. The Chi-Squared test for trend was highly significant for ILO category > 
1/1 (p < 0.0001). 
Table 5: ILO category by age (n = 9,521) 
ILO category (Freq. / %) Age 
group 
(years) 1/0 1* 2 & 3 > 1/1 
1 1 0 1 <26 
0.19 0.19 0.00 0.19 
1 4 0 4 26-30 
0.11 0.45 0.00 0.45 
1 6 0 6 31-35 
0.08 0.50 0.00 0.50 
16 15 0 15 36-40 
0.94 0.88 0.00 0.88 
31 54 13 67 41-45 
1.47 2.55 0.61 3.16 
43 121 19 140 46-50 
2.49 6.99 1.10 8.09 
27 69 18 87 51-55 
2.83 7.23 1.88 9.11 
8 41 7 48 56+ 
2.10 10.76 1.84 12.60 
128 311 57 368 Total 
1.34 3.27 0.60 3.87 
*ILO category 1 excludes 1/0 
 
4.5 Ethnic group and underground work 
Ethnic group was self reported by participants. 96.87% (n = 9,289) were 
Black/African, 2.47% (n = 237) were White/European, 0.63% (n = 60) were Mixed 
Race, 0.03% (n = 3) were Indian/Asian.  
Regarding underground work, 97.6% (n = 9,364) of participants reported 
working underground and 93.4% (n = 8,944) reported full-time underground work. 










4.6 Prevalence of silicosis by country of origin 
Table 6 reports the ILO score by country of origin. Interestingly, the prevalence 
of silicosis (1/1 or greater) in workers from Botswana (7.6%) is over double that of 
workers from South Africa (3.5%), with Lesotho sitting at 5.6% and Mozambique at 
2.2%. Table 7 reports the proportion of workers by country of origin. South Africa, as 
expected, supplies the majority of workers at 54.5%, with Lesotho and Mozambique 
being important suppliers of labour at 21.9% and 16.6% respectively. 
Table 6: ILO category by country of origin (n = 9,585) 
ILO category (Freq. / %) 
Country 
1/0 1* 2 & 3 > 1/1 





2 10 3 13Botswana 
1.16 5.81 1.74 7.55
47.3 25.7 
39 99 19 118Lesotho 
1.86 4.71 0.9 5.61
42.6 19.9 
5 19 3 22Swaziland 
1.02 3.87 0.61 4.48
43 19.9 
66 154 29 183South Africa 
1.26 2.95 0.56 3.51
39.3 15.7 
19 31 4 35Mozambique 
1.19 1.95 0.25 2.20
42.2 17.2 
0 0 0 0Zimbabwe 
0 0 0 0.00
36.8 10.5 
131 313 58 371Total 
1.37 3.27 0.61 3.88
40.8 17.3 
*ILO category 1 excludes 1/0 
†YiI = Years in industry 
 
Table 7: Country of origin of workers (n = 9,585) 



















4.7 Pulmonary Tuberculosis 
Table 8 reports the prevalence of radiological changes on the CXR that indicate 
possible, probable or definite PTB. Radiological abnormalities coded as “other” were 
commented on and allocated to one of the three categories based on the expert opinion 
of the reader. In total, 16.8% (n = 1,611) of participants were reported to have 
radiological signs of active (n = 433) or previous PTB (n = 1,177). 861 participants 
had other radiological abnormalities not thought to be PTB related, of which 44 were 
reported as have radiological signs of COPD. 
Table 8: Radiological signs of PTB by category (n =9,598) 
Previous PTB on CXR Active PTB on CXR 
Category Freq. % Category Freq. % 
definite 834 8.69 definite 340 3.54 
probable 68 0.71 probable 37 0.39 
possible 275 2.87 possible 56 0.58 
Total 1,177 12.27 Total 433 4.51 
 
In total 5.9% (n = 571) had active PTB on CXR or history. On history, 11.3% 
(n = 1,083) of participants reported either current PTB on treatment or previous PTB 
treatment. A total of 20.4% (n = 1,958) of the participants had either radiological signs 
of PTB or a history of current or previous TB treatment. Interestingly, about 43% of 
this 20.4% had no history of TB treatment yet CXR signs of possible, probable or 




















Table 9: Silicosis by evidence of TB on CXR or history 
TB evidence on history*    
(Freq. / %) 
PTB evidence on CXR†    
(Freq. / %) ILO category 
Yes No Yes No 
981 8104 1,335 7,762 0/0 and 0/1 
10.8 89.2 14.68 85.32 
22 109 28 103 1/0 
16.79 83.21 21.37 78.63 
65 246 106 207 1 
20.9 79.1 33.87 66.13 
15 43 21 37 2 & 3 
25.86 74.14 36.21 63.79 
80 289 127 244 > 1/1 
21.68 78.32 34.23 65.77 
1,083 8,502 1,490 8,109 Total 
11.3 88.7 15.52 84.48 
*Includes history of previous or current TB 
†Includes active and previous evidence of definite, probable and possible 
PTB on CXR 
 
Table 9 above reports the prevalence of TB by ILO category, with an ordered 
rise in TB prevalence by increasing ILO category. For PTB evidence by CXR by ILO 
category the Chi-Squared Test is highly significant (χ² = 107.4, p < 0.001), and the TB 
evidence by history is also highly significant (χ² = 45.9, p < 0.001). The Chi-Squared 
test for trend was highly significant for evidence of TB on history (p < 0.0001) and 
evidence of PTB on CXR (p < 0.0001) by ordered ILO category. 










Table 10: TB prevalence by cluster (n = 9,588) 
TB†                  
(Freq. / %) Cluster 
Yes  No 
Silicosis*  
(Freq. / %) 
245 759 69GN MK 
24.40 75.60 6.87
227 765 68Kopanang 
22.88 77.12 6.86
197 709 49Cooke 3 
21.74 78.26 5.40
180 778 32Elandsrand 
18.79 81.21 3.34
192 987 38Mponeng 
16.28 83.72 3.21
215 977 37Tau Tona 
18.04 81.96 3.10
188 739 27Beatrix 1 2 3 
20.28 79.72 2.91
189 761 26Kloof 1 3 4 
19.89 80.11 2.74
137 520 13Beatrix 4 
20.85 79.15 1.98
188 635 12Kloof 7 
22.84 77.16 1.46
1,958 7,630 371Total 
20.42 79.58 3.86
*ILO category > 1/1 (n = 9,599) 
†TB includes PTB on CXR and TB on history 
 
Table 10 reports the variation in TB prevalence by cluster, with reference to 
silicosis prevalence. The prevalence of TB varies from 16.28% in Mponeng to 24.40% 
in GN MK.  There is only 1.56% difference in TB prevalence between the cluster with 
the highest prevalence of silicosis (GN MK) and the cluster with the lowest prevalence 
of silicosis (Kloof 7). 
 










4.8 Prevalence of silicosis by cluster 
Table 11 reports the prevalence of silicosis by cluster. There is considerable 
variation with 6.87% (n = 69) of participants read with silicosis for the GN MK cluster 
to 1.46% (n = 12) for Kloof 7.  The chi-squared test for difference was highly 
significant (χ² = 155.4, p=0.000).  
Table 11: Silicosis prevalence by cluster (n = 9,599) 










95% CI†     




924 11 50 19 69 40.0 39.5 40.6GN MK 
92.03 1.10 4.98 1.89 6.87 16.9 16.3 17.6
902 22 47 21 68 40.9 40.4 41.5Kopanang 
90.93 2.22 4.74 2.12 6.86 17.7 17.0 18.3
843 16 45 4 49 43.9 43.3 44.5Cooke 3 
92.84 1.76 4.96 0.44 5.40 20.8 20.1 21.5
913 13 31 1 32 40.1 39.5 40.7Elandsrand 
95.30 1.36 3.24 0.10 3.34 16.5 15.8 17.3
1,118 27 33 5 38 39.9 39.4 40.3Mponeng 
94.51 2.28 2.79 0.42 3.21 15.8 15.3 16.3
1,145 11 31 6 37 40.6 40.2 41.1Tau Tona 
95.98 0.92 2.60 0.50 3.10 17.5 16.9 18.0
896 6 26 1 27 39.9 39.4 40.5Beatrix 1 2 3 
96.45 0.65 2.80 0.11 2.91 16.5 15.8 17.2
912 14 25 1 26 40.7 40.2 41.3Kloof 1 3 4 
95.80 1.47 2.63 0.11 2.74 16.7 16.0 17.4
641 3 13 0 13 41.4 40.7 42.1Beatrix 4 
97.56 0.46 1.98 0.00 1.98 18.0 17.2 18.8
803 8 12 0 12 41.6 40.9 42.2Kloof 7 
97.57 0.97 1.46 0.00 1.46 17.4 16.7 18.1
9,097 131 313 58 371 40.8 40.7 41.0Total 
94.77 1.36 3.26 0.60 3.86 17.3 17.1 17.5
*ILO category 1 excludes 1/0       
†Confidence Interval       
 
Table 11 reveals similar means for years in the industry and age by cluster, 
although there are significant differences when comparing 95% confidence intervals 
between certain clusters. Participants in GN MK are 3-times as likely to have silicosis, 










(ILO category > 1/1), as participants in Kloof 7 (prevalence OR 3.0, 95% CI 1.8 to 5.2, 
χ² = 19.6, p < 0.0001).  
4.9 Prevalence of silicosis by company and region 
This variation is evident not only at the shaft or cluster level but also at the 
company and regional level as reported in Table 12 and Table 13. Regarding company, 
Company A has a crude prevalence of silicosis of 4.85% to Company B of 2.32%.  
Table 12: ILO category by company (n = 9,599), and comparing company by age, years 
in industry, and underground work 
ILO category                           
(Freq. / %) 
Company  
0/0 & 







work - ever 
& full-time†  
(%) 
4,089 71 161 51 212 40.36 97.07Company 
A 93.53 1.62 3.68 1.17 4.85 16.94 92.40
3,252 31 76 2 78 40.85 97.92Company 
B 96.76 0.92 2.26 0.06 2.32 17.06 94.63
1,756 29 76 5 81 41.98 98.02Company 
C 94.11 1.55 4.07 0.27 4.34 18.62 93.44
9,097 131 313 58 371 40.80 97.55Total 
94.77 1.36 3.26 0.60 3.86 17.30 93.38
*ILO category 1 excludes 1/0 
†Participants self reported work history - ever having worked underground and current 
full-time underground work  
 
When stratifying the cluster, company and regional level variables by: 1) 
summary statistics for age and years in the industry; and 2) proportion that work 
underground, the means, inter-quartile range (IQR) and proportions are very similar. 
However, there is a significant difference in the mean age and mean years in the 
industry between Company A and Company C, confirmed by hypothesis testing using 
a two sample t-test for independent samples (p=0.000).  Regarding company, the 95% 
confidence intervals show overlap and therefore no significant differences for age and 
years in the industry between Company A and Company B, or Company B and 
Company C, or by region (not shown). 










Table 13: ILO category by region (n = 9,599), and comparing region by mean age, 
mean years in industry, and history of underground work  
ILO category                           
(Freq. / %) 
Region 
0/0 & 







work - ever 
& full time†  
(%) 
5,734 89 177 17 194 41.05 98.14Carletonville 
95.3 1.48 2.94 0.28 3.22 17.36 94.68
1,826 33 97 40 137 40.47 96.94Orkney 
91.48 1.65 4.86 2.00 6.86 17.30 90.78
1,537 9 39 1 40 40.55 96.09Welkom 
96.91 0.57 2.46 0.06 2.52 17.12 90.48
9,097 131 313 58 371 40.80 97.55Total 
94.77 1.36 3.26 0.60 3.86 17.30 93.38
*ILO category 1 excludes 1/0 
†Participants self reported work history - ever having worked underground and current full 
time underground work  
 
Regarding region, the Orkney region has a much higher crude prevalence of 
6.86% compared to Welkom at 2.52%.   
The crude prevalence odds ratio reported for silicosis (ILO category >1/1) 
variation between Orkney and Welkom was highly significant in that a miner was 2.8 
times as likely to have silico is in Orkney as compared to Welkom (95% CI = 1.97 – 
4.19; χ² = 35.5, p < 0.0001).  
Regarding the distribution of data for age and years in industry, the Shapiro-
Wilk test on age and years in industry had p-values of 0.000, and therefore indicated 
normally-distributed data. Histograms of age show a smooth normally-distributed 
range of ages across both company and region as shown below in Figure 3. However, 
the histograms of years in the industry by region or company show a double peak, with 
a drop-off in the proportion of participants having served 5-10 years in the industry 
across both region and company as shown below in Figure 4.  
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Histogram of years in industry by region
 
Figure 4: Histograms of years in industry by company and region 
 











4.10 Comparison with Cowie’s study 
The prevalence of silicosis when compared to Cowie’s 1987 thesis where the 
prevalence was stratified by age group is reported in Table 14.21 The same age groups 
were analysed and compared with Cowie. However, as Cowie did not base his 
definition of silicosis on the ILO categories, for this study both ILO category > 1/1 and 
> 1/0 were reported. Cowie should at least have been able to detect 1/1 profusion 
nodules. This study generally found a lower prevalence for both definitions used, 
compared to the Cowie study for the groups above the age of 30 years. Of note is that 
Cowie studied a much younger workforce with almost 50% being below the age of 26 
years, and this is why his overall prevalence was much lower. 
Table 14: Silicosis prevalence by age group compared to Cowie’s thesis (1987)21 

























<26 0 48.88 0.00 1 5.67 0.19 0.38
26-30 10 17.36 0.04 4 9.42 0.45 0.56
31-35 105 13.34 0.59 6 12.64 0.50 0.58
36-40 312 9.08 2.59 15 17.87 0.88 1.82
41-45 582 5.52 7.94 67 22.20 3.17 4.64
46-50 402 3.36 9.01 140 18.17 8.09 10.58
51-55 274 1.36 15.17 87 10.03 9.11 11.94
>55 125 1.10 8.56 48 4.00 12.60 14.7
Total 1810 100.00 1.36 368 100.00 3.87 5.21
*silicosis defined as ILO score ≥1/1 











4.11 Comparison with Churchyard’s study 
The 40+ year age group for the GN MK cluster is reported in Table 15 so as to 
compare with the previous Churchyard study, which was conducted in the same cluster 
about 8 years previously.2 The Chi-Squared Test was significant (p=0.001). 
Table 15: Silicosis prevalence in GN MK shaft for the 40+ years in industry group (n = 
536): comparison with Churchyard study (n = 510) 
Churchyard study (2004) Knight thesis (2009) 
Radiographic silicosis 
(Freq. / %) 
Radiographic silicosis 




nil  silicosis* nil  silicosis* 
58 1 41 1 <15 
98.31 1.69 97.62 2.38 
107 13 93 6 15-19  
89.17 10.83 93.94 6.06 
153 42 113 10 20-24 
78.46 21.54 91.87 8.13 
78 27 113 15 25-29  
74.29 25.71 88.28 11.72 
21 10 113 31 30+  
67.74 32.26 78.47 21.53 
417 93 473 63 Total 
81.76 18.24 88.25 11.75 
*silicosis defined as ILO score ≥1/1 












Silicosis and tuberculosis have blighted the South African gold mining 
industry since its inception in 1887, despite gold mining being the largest single 
contributor to South Africa’s gross domestic product and foreign exchange earnings 
for over a century. 
5.1.1 General strengths of the study 
This study, a sub-study of the Thibela-TB project, is the largest conducted to 
date on in-service miners investigating the prevalence of silicosis (and 
tuberculosis). It enables a review of secular trends in prevalence, and provides 
important information for future research. It is the first industry-wide study and 
therefore the first to compare prevalence across multiple mine shafts or clusters. 
Following this, it is able to comment to some extent on the variation in prevalence 
between shafts, and at a company and regional level. Risk factor analysis as part of 
an ecological study using regression modelling of prevalence was not possible 
owing to having only 10 clusters. However, as successive clusters are captured over 
the next five years, this may become possible (20 clusters in total will be captured 
with over 80,000 miners).  
5.1.2 General limitations of the study 
Cross-sectional studies by design are prone to length-biased sampling (also 
known as cross-sectional bias). This results in an underestimation of the burden of 
disease, particularly for acute diseases where death or cure occurs within a short 
space of time. As silicosis is a chronic disease with no cure, the potential for 
underestimation of disease burden is reduced, although not completely. Silicosis is a 
risk factor for PTB, and the combination of silicosis and HIV has a multiplicative 
effect on the risk of PTB.57 Death of miners with silicosis or HIV-related TB could 
produce a healthy worker effect that would lead to underestimation of the true 
burden of silicosis in black South African miners. This is likely to have occurred in 
this study. Limitations are addressed more specifically below. 










5.2 Crude prevalence and covariates 
5.2.1 Crude prevalence 
The estimated crude prevalence of silicosis for ILO category 1/0 and above 
is 5.22%, and 3.86% for ILO category 1/1 and above. This cross-sectional study 
estimated silicosis prevalence in a working population of predominantly black 
Southern African gold miners. The overall estimate of silicosis prevalence is 
industry wide in that it covers 10 clusters in three companies and in three gold 
mining regions of South Africa. Silicosis prevalence varies considerably when 
stratified by certain covariates. This will be discussed in detail below. 
5.2.2 Validity of crude and stratified silicosis prevalence 
Regarding the crude and stratified prevalence of silicosis, the findings could 
be spurious or real. Bias as a potential cause of a spurious result could come in two 
forms in the context of this study: 1) selection bias in selecting participants, and/or 
2) information bias in measuring silicosis cases or determinants of silicosis. 
As selection was random, selection bias in sampling is unlikely. However, 
there is the likelihood of a healthy worker survivor effect, with out-selection of 
silicosis cases as discussed previously. This would lead to an underestimate of the 
true prevalence of silicosis. This type of bias is quite likely, and may be possible to 
estimate more accurately in the cohort component of the Thibela-TB project. 
With regard to information bias, there is no reason to suspect that age would 
have been measured differently in silicotics when compared to non-silicotics, and 
likewise with duration of service. In terms of confounding, the potential 
confounding by age has been cancelled by stratification.  
Finally, the possibility of the findings being due to chance is reduced as a 
result of the large sample size and highly significant hypothesis tests. 
5.2.3 Service duration 
Duration of exposure to respirable crystalline silica is one part of the 
equation that determines risk of the developing silicosis (and tuberculosis) along 
with intensity of exposure and latency, (and possibly other factors affecting toxicity 
of the crystalline silica particles in the lung).  










The average length of service of black miners has increased substantially 
since gold mining first started, with the stabilisation in service ramping up 
particularly during the 1970s and increasing continuously since. However, there are 
reports in the last few years that miners are becoming more mobile and moving into 
other industries such as construction.73  
This study found a mean of 17.3 years for time in the industry compared to 
14.6 years in the study by Steen19 and 12.2 years in the study by Trapido.18 Both 
Steen and Trapido studied an ex-workforce that would have originally worked from 
around the early 1960s to the early 1980s. Unfortunately there are few reliable data 
on duration of service among black miners prior to this.  
This study relied on self-reported years in the industry. There is, therefore, 
the potential for imprecision in this study as this variable was not independently 
verified. However, from personal experience most miners tend to recall quite 
accurately their age at or year of first exposure to mining work.  
This study did not measure breaks in mining service or record mixed service 
and this could also have led to overestimation of the mean length of service. 
However, personal communication with Churchyard and others seems to indicate 
that mixed service in miners over the last 20-30 years is not common. Most tend to 
be career miners, with little opportunity for employment outside of the industry due 
to low levels of education and high unemployment rates, along with lack of 
opportunities in other sectors in South Africa, (until recently).  
The reason for the smaller proportion of category 2 and 3 profusion nodules 
in the 30+ year service group compared to other strata could be a result of a healthy 
worker effect, with more severe silicotic cases exiting the workforce with age and 
pulmonary disability. 
The fact that the increase in ILO category severity is ordered with increasing 
service duration, (apart from the trimming off as above), suggests that this variable 
is a reliable proxy for cumulative respirable crystalline silica exposure in this 
sample (see Table 14). 
There are only nine cases recorded of radiographic silicosis, (ILO category 
1/1 and above), in miners with fewer than 10 years in the industry. This is worth 
commenting on as acute and accelerated silicosis is now a rare disease in modern 










mining, as dust exposures should rarely grossly exceed the exposure limit on 
repeated occasions.c These nine cases had a mean age of 34 years (range 25 to 44 
years), and mean service duration of 5.6 years (range 3 to 9 years). Three had 
evidence of PTB, and all were graded as ILO category 1/1. There is the possibility 
that some may have unrecorded past exposure to silica dust that they did not 
indicate when interviewed. All worked underground. 
5.2.4 Age 
Age acts as a confounder in the causal relationship between cumulative 
respirable crystalline silica dust exposure and silicosis. Age is related to cumulative 
dust exposure and is associated with silicosis. To explain further, the older a miner, 
the greater the probability that they have been exposed to a cumulative dust dose 
sufficient to cause silicosis. Furthermore, there is a greater probability of an 
increased latency period or “dust residence time in the lung” as compared to a 
younger miner.  
The ordered increase in proportion of cases with radiographic silicosis by 
increasing age group is expected from the dose-response relationship of crystalline 
silica. The longer the silica residency time in the lung, the greater the profusion of 
nodules for a fixed dose, and the longer the duration of exposure at a fixed 
concentration, the greater the total cumulative dust load and thus the greater the 
profusion of nodules. The ordered increase is not as smooth as when stratified by 
years in the industry and thus age might be a less reliable indicator of cumulative 
respirable crystalline silica exposure than service duration for this sample. There is 
a flattening in the proportion of cases read with ILO category 2 and 3 profusion 
nodules in the 55+ years age group. This could be due to proportionately more 
miners with more severe silicosis exiting employment before reaching 55 years of 
age, (or possibly not partaking in the study for fear of being found unfit to work 
underground and hence retrenched). 
                                                 
c This is in contrast to the latency period between first exposure to mining and diagnosis of 
silicosis in European miners in South Africa in the early 1900s, with for example, the average 
duration of service being just 109 months in 1917/1918.71 










5.2.5 Country of origin 
The reasons for the variation in radiographic silicosis prevalence by country 
of origin are not known. One possibility is that miners from Botswana and 
particularly Lesotho tend to be employed in dustier jobs such as stope development 
work, (G. Churchyard, personal communication). This can be confirmed once the 
occupation variable has been grouped and analysed, (not in this report). The other 
possibility is that workers from Lesotho and Botswana are older and have longer 
service durations than South African miners for example. Participants from 
Botswana are, in fact, older and have longer service duration than participants from 
other countries, except for Mozambican participants. Mozambicans have similar 
service duration and age as participants from Lesotho, yet have a much lower 
prevalence of radiographic silicosis. The answer may therefore lie partially in the 
distribution of types of job by country of origin, or distribution of country of origin 
by company, region or cluster, which themselves have varying rates of silicosis. 
5.2.6 Ethnic group and underground work 
As expected the overwhelming majority of the sample are black African 
miners. Compared to white miners, black miners typically are of lower socio-
economic status, are migrant workers, are exposed to dustier work, and are less 
likely to be compensated and less likely to find alternative employment on exiting 
the mining industry. They are also currently at much greater risk of HIV infection 
and hence active PTB. The black underground mining workforce is therefore likely 
to be at higher risk of silicosis than the white workforce. Comparisons were not 
made in the analysis between different ethnic/socioeconomic groups due to the lack 
of heterogeneity. 
The finding that over 90% were permanently employed underground means 
that more than 90% of the sample population was exposed to dusty work and at risk 
of silicosis.  
5.2.7 Tuberculosis 
PTB on CXR and TB on history is strongly associated with silicosis. There 
is an ordered increase in TB prevalence by increasing category of ILO nodule 
profusion. This is in keeping with previous studies.59-61 










Regarding the interaction between HIV, silicosis and TB, Corbett reported a 
multiplicative interaction between HIV and silicosis on PTB rates.57 Although HIV 
status was not reliably measured in our baseline study, HIV prevalences are in the 
order of 20-35% in gold miners in South Africa. Girdler-Brown found an HIV 
prevalence of 22% in a sample of former Basotho mine workers.17 AngloGold 
Ashanti estimated an HIV prevalence in their workforce of around 30% in 2007,73 
and Goldfields estimated 33.5% in its 2008 Occupational Health and Safety Report.  
The overall prevalence of past or present TB in this sample of 20.4% is thus 
not surprising. It is slightly lower, but of  the same order of magnitude, as the 
prevalence of past and current TB reported in former black migrant mineworkers: 
24%,19 26%17 and 33%.18  
5.3 Comparison with previous in-service miner prevalence studies 
5.3.1 Comparison with Cowie study 
This study found a decreased prevalence of silicosis (ILO category > 1/1) by 
age stratum compared to the 1987 Cowie study.21 Specifically, this was for all age 
strata between 30 and 55 years. For the over 55 years stratum, a health worker 
survivor effect may explain the lower prevalence in the Cowie study.  
The Cowie study is not easily comparable, as the definition of silicosis may 
differ as discussed previously.d  However, even though the definition is uncertain in 
Cowie’s study, there was a reported agreement between MMR and large film CXR 
of kappa = 0.89 in his validation study. He was therefore most likely to have had the 
sensitivity to report at least ILO category 1/1 or greater. There is also a decrease 
between studies for most age groups over 30 years using a more sensitive silicosis 
definition of ILO category > 1/0. 
Regarding crude prevalence, this study reported 3.86% for ILO category 1/1 
and above, and 5.22% for ILO category 1/0 and above in the 10 clusters studied. 
The crude prevalence is considerably higher than the crude prevalence first reported 
by Cowie1 in the 1984 workforce of between 0.87-1.38%. However, once stratified 
by age, there is a striking difference between the two studies. Cowie was studying a 
                                                 
d See section 2.8 Prevalence in in-service black miners, page 17 










much younger workforce, with almost 50% of participants under than 26 years of 
age, as compared to this study with only 6% younger than 26 years old.  
The South African gold mining workforce has generally become more stable 
with less mixed service over the last 30 years, with a greater propensity to retain 
older workers. Taking this into account, the fall in age-stratified prevalence is 
significant.  
5.3.2 Comparison with Churchyard (2004) study 
This study also found a decreased prevalence of silicosis in older black 
miners compared to the Churchyard study2 conducted in the same shaft about eight 
years earlier, controlled for age. Specifically, this study has found a lower 
prevalence of silicosis of 11.6% in the 40+ year age group compared to the 
Churchyard study’s silicosis prevalence of between 18.3-19.9%. The mean length 
of service of 23.9 years in this study is similar to that of 21.8 years in the 
Churchyard study. The results from the Churchyard study are easily comparable as 
silicosis was defined as ILO category > 1/1. 
Stratified by length of service the prevalence of silicosis is lower in all 
length of service groups, barring the less than 15-year length of service group for 
which there are insufficient numbers of cases to be meaningful. It therefore seems, 
at least for the GN MK shaft, that the prevalence of silicosis has fallen by about 
40% over approximately eight years.  
This fall could be due to a number of reasons. The respirable crystalline 
silica levels could have fallen over the last 20-30 years, (the mean duration of 
service of silicotics in the 40+ year age group is 30 years for this study). The 
healthy worker survivor effect could be more pronounced in this study than in the 
Churchyard study. The toxicity of the rock mined could have changed with 
changing seams mined in the GN MK shaft. And finally, there could be detection 
bias owing to the use of different readers for the chest radiographs in the two 
studies.  
Detection bias, although likely to account for some differential bias between 
the two studies, is unlikely to account significantly for the 40% fall in prevalence. 
The reader in this study is highly experienced as discussed in Section 3.5, and the 
Churchyard study was validated. Although there has been no validation study on the 










results of the one reader who read all the radiographs for this study, a validation 
study is currently underway and should resolve this issue. 
With regards to a possible difference in healthy worker effect, the issue is 
uncertain. Although policies regarding medical separation of workers with silicosis 
shifted towards retaining miners with silicosis or TB in employment since the 
1980s, the maturing of the HIV epidemic over the last decade may have led to the 
increased medical separation of workers with HIV-related TB. This could have 
selected silicotic cases out of the workforce, as HIV and silicosis augment the 
incidence of active TB. Finally, recent downsizing of the mining industry in South 
Africa could possibly have lead to more pressure on silicotic workers to exit 
employment. 
Possible ways to resolve whether the declining prevalence is spurious or real 
would be: 1) to record accurate respirable crystalline silica dust measurements year 
on year (which currently has not been the case to date); 2) to review medical 
separation data; 3) to perform a silicosis prevalence study on HIV-negative miners; 
and 4) to analyse autopsy data restricted to those who died by accident or injury, 
(this is currently under way, J Murray, personal communication). Selecting only 
those miners that died by accident r injury provides a more random selection of 
autopsy specimens compared to selecting all autopsy specimens, where many would 
have died of HIV-related TB. 
5.4 Variation between cluster and region 
5.4.1 Prevalence odds ratios 
This study found a significant three-fold difference in silicosis prevalence 
between the highest prevalence (GN MK) and lowest prevalence (Kloof 7) clusters, 
(prevalence odds ratio 3.0, 95% C.I. 1.8 to 5.2, χ² = 19.6, p < 0.0001). At a regional 
level this study found a significant 2.8-fold difference in silicosis prevalence 
between the highest prevalence (Orkney) and the lowest prevalence (Welkom) 
regions, (prevalence odds ratio 2.8, 95% CI = 1.97 – 4.19, χ² = 35.5, p < 0.0001). 










5.4.2 Validity of the prevalence odds ratios 
The variation seen at cluster, company and regional level is interesting and 
lends itself to further research. The variation could be spurious due to bias, or the 
variation could be real. 
Regarding bias, a differential healthy worker effect could be an important 
source of bias that could increase or decrease the prevalence odds ratio between 
Orkney and Welkom or between Kloof 7 and GN MK clusters. The Orkney mines 
are both operated by Company A whereas the Welkom mines are operated by 
Company B. If Company B had a policy or practice of retrenching miners with 
occupational lung disease at lower levels of impairment than Company A, this 
would result in Company B having a healthier workforce.  
Although legislation prohibits the continued employment of miners certified 
with both silicosis and tuberculosis, there is anecdotal evidence that some 
companies have stopped submitting miners for compensation during service as they 
conclude that it is more equitable to keep them employed than consign them to 
unemployment and poverty. In Cowie’s thesis, for example, he notes that since 
1983 the AngloAmerican company stopped submitting black miners with silicosis 
for compensation while they were still in active service for this very reason.21 The 
finding of only two workers with a score of Category 3/3 is probably due to workers 
with more severe grades of silicosis having been selected out through medical 
surveillance and medically separated. This would result in a healthier pool of 
current workers and an underestimate of the true prevalence of more severe grades 
of silicosis. While this could have biased the crude and stratified prevalences, it is 
unlikely to have biased the prevalence odds ratios. This is because there is anecdotal 
evidence to suggest that there was, and currently is, no difference between the three 
companies regarding medical separation policy and procedures. This is supported 
by company annual reports that state identical annual medical separation rates of 25 
per 1000 employees in 2007 for Company A and in 2008 for Company B.e 
There is the potential for differential misclassification bias in classifying 
silicosis between cluster, region or company. However, as only one experienced 
                                                 
e These reports are freely accessible on their respective websites. 










reader read all the CXRs, it is highly unlikely that there was differential 
misclassification of cases at shaft, company or regional level.  
Other forms of bias that could be operating include differential selection 
bias in selecting participants who were more (or less) likely to have silicosis in 
certain clusters. This is also highly unlikely owing to the methodology used 
(random selection), and the finding that there were no significant differences 
between those participants who had a CXR reported and those who did not (see 
Sections 3.2 and 4.1). 
Differential detection bias in measuring length of service could be an issue if 
certain companies or clusters were more likely to have broken service employees – 
i.e. employees who moved out of the industry for a period and then returned to 
underground mining. There is anecdotal evidence that the three companies have 
very similar service records amongst their respective workforce. In addition, 
differential detection bias is unlikely as the same standardised and validated 
interview method was used at all clusters to capture data, and participants were 
selected randomly. 
Mixed service could be a source of measurement bias in calculating the 
prevalence differences or odds ratios if miners from some clusters were more likely 
to have been employed in multiple companies or clusters over time – i.e. they 
moved between mines. It could be that there are more mixed service miners in a 
particular cluster owing to human resource policies employed, or a greater 
proportion of contract miners (who tend to be more mobile). Mixed service could 
thus bias the prevalence differences at cluster level. This is possible, as from 
personal experience with submitting miners for compensation, they typically have 
worked at more than one mine over the course of their career. However, the view of 
a mine doctor interviewed was that, for the past 20 years, most employees have 
tended to stay with one company for the duration of their mining career and rather 
get moved between the various company shafts as operational demands require, (D 
Barnes, personal communication). This would not bias prevalence differences, as 
the two clusters compared (NG MK and Kloof 7) are from different companies. The 
AngloGold Ashanti company estimated for 2007 that employee turnover rates 
which varied by operation and occupation had increased and ranged from 10%-
55%.73 This source of bias could be defined and potentially controlled for by 










examining the labour recruiting office records for the study participants at The 
Employment Bureau of Africa (TEBA) Limited, (which has been operating since 
1902), and which tends to be a reliable source of data. 
The presence of a third variable could confound a real result, if the third 
variable differs significantly between cluster and region. As the result is likely to be 
real and not spurious, one needs to consider age, socioeconomic status and TB as 
potential confounders of the prevalence differences. 
Socioeconomic status is an unlikely to confound the differences as there is 
no reason for participants from one shaft or region to be of lower socioeconomic 
status than participants from another shaft or region.  
Regarding age, the three-fold difference in silicosis prevalence between the 
highest and lowest prevalence clusters cannot be explained by differences in mean 
age or mean years in the industry, as Kloof 7 has a slighter higher mean age and 
mean years in industry, with data that are normally distributed. The 2.8-fold 
difference at a regional level between the Welkom and Orkney regions also cannot 
be explained by differences in mean age or mean years in the industry. 
TB as a confounder is unlikely in that silica dust exposure is robustly 
demonstrated in the literature to be a risk factor for TB in the absence of silicosis, 
and there is good biological evidence to support this through the impaired 
functioning of silica dust-laden lung macrophages (as explained in Section 2.1).  
Finally, a real result regarding prevalence differences could potentially be 
due to chance. This is not likely as the Chi-Squared Test for difference was highly 
significant between the Welkom and Orkney regions and between GN MK and 
Kloof 7 clusters. Likewise, the confidence intervals for the odds ratios did not cross 
the null. 
5.4.3 Speculation on risk factors for variation 
The result seems to be valid, and confounding is not likely to be a 
significant factor. Therefore, the potential risk factors explaining prevalence 
differences at the cluster and regional level could be one or a combination of: 1) 
differences in cumulative exposure to respirable crystalline silica dust; 2) 
differences in the toxicity of the dust in various clusters and by region; and 3) 










differences in host factors in various clusters and by region. These will be explored 
separately below.  
5.4.4 Variation in dust exposure 
Variation in dust exposures is in all likelihood the major risk factor 
explaining the variation.  
Underground work is a crude proxy for dust exposure, as miners that work 
underground tend to have higher dust exposures compared to miners working on the 
surface. There are similar proportions of participants who have either ever worked 
underground, or have full-time underground work, across all the clusters (not 
shown) and across the three regions.  
Exposure assessment was not possible as part of this study. However, it 
might be possible to analyse company data submitted by law to the South African 
Department of Minerals and Energy (DME) and/or to use job title as a proxy for 
dust exposure using the Safety in Mines Research Advisory Committee 606 Report 
to average dust exposures for each main job group.22  
There are some data to suggest that historical routine company records of 
dust exposure measurements, at least in the last 10 years, are fairly accurate in so 
far as the mean, median and range are concerned for one shaft where research dust 
measurements were compared to routine measurements.2 However, there is also a 
lot of debate and controversy, (mainly outside of the published literature), as to the 
methodology and accuracy of routine dust measurements on South African gold 
mines in general52, 96, and how to link these to medical surveillance systems and 
operational control of dust. For example, there are reports that the silica quartz 
proportion of total respirable dust varies even at the stope level and temporally due 
to new stope development. Despite this, the quartz proportion is often determined at 
the mine/shaft level and sub-shaft level measurements inherit this proportion for the 
purposes of determining respirable quartz concentrations, without regular updating. 
There is also the problem concerning requirements by law to place miners 
into three basic homogenous exposure groups for dust, and to base exposure 
assessment on group averages. This may result in some high risk dust exposure 
occupations having their exposure assessments diluted by being grouped with lower 
dust exposure occupations.  










Ideally, exposure assessment should be conducted down to the individual, 
task, or job title level, and not reported only at a group level. This is especially so 
when considering that the industry has such high rates of dust-related lung disease. 
In addition, it may be problematic to place recent exposure measurements into a job 
exposure matrix for the purposes of calculating long-term cumulative exposure 
indices. Recent exposures may not reflect exposures a decade or two earlier, and in 
addition miners may change jobs and hence exposure profiles. Changing jobs can 
potentially be accounted for by examining labour records, but determining past 
exposures can be very difficult in the absence of reliable routine dust measurements 
from the various clusters.  
Exposure assessment should be further investigated. Policies and procedures 
should be implemented forthwith to ensure that future respirable crystalline silica 
data are accurate and reliable. This could require independent measurement of dust 
in gold mines as suggested at the International Congress of Occupational Health in 
2009 (R. Ehrlich, conference discussion). 
 
5.4.5 Variation in silica toxicity 
Differences in toxicity of silica dust are a potential partial determinant of 
variability. M Gulumian and others have found considerable variation between 
South African gold mines in dust particle surface area, percentage quartz content, 
proportion of co-contaminants in dust samples, and the level of hydroxyl radicals 
generated by alveolar macrophages in the presence of bulk dust.97 Guthrie98, 99 and 
Gulumian47 provide a good discussion of the toxicity issues regarding silica 
containing dust. For example, there is now considerable evidence to point to the 
increased toxicity of freshly fractured silica and silica surfaces contaminated with 
iron as detailed in Section 2.9. There is current research being conducted into 
relative toxicity of quartz polymorphs and co-contaminants by V Vallyathan and V 
Castranova’s group at the National Institute of Occupational Safety and Health in 
America (NIOSH), and M Gulumian at the National Institute of Occupational 
Health in South Africa (NIOH), amongst others. Geological maps of South African 
mineral deposits show that the Welkom area belongs to a different geological group 
from that of the Klerksdorp (Orkney region) and Carletonville areas. This could 










result in a different dust toxicity profile between Orkney and Welkom, but requires 
further research. 
5.4.6 Host factor variation 
Differences in host factor responses to silica dust are not going to play a role 
in explaining variation as there is no reason for genetic bias at cluster, company or 
regional level. This might be a factor in explaining a difference between (say) a 
black African workforce and an Asian workforce if there were some subtle 
associations between single nucleotide polymorphisms (SNPs) in the gene coding 
for TNF-α expression and SNPs associated with continental ancestry, (SNPs in the 
promoter region for TNF-α have been posited as an explanation for severe silicosis 
in black South African miners76). However, this cannot explain the prevalence 
differences between cluster-, regional- or company-level in South Africa as the 
ethnic breakdown is very similar, and mostly all are of the same continental 
ancestry.  
Differences in HIV infection prevalence at the cluster-, regional- or 
company-level could also provide a possible explanation for varying silicosis rates.  
As alluded to in section 5.2.7 and 5.3.2, HIV infection is associated with PTB, and 
PTB can lead to lung fibrosis and nodule formation, either mimicking silicosis or 
even promoting silica nodule formation. It is uncertain whether HIV is associated 
with lung fibrosis directly in the absence of PTB through other infections..  
Moreover, the possibility arises that HIV could inhibit lung fibrosis through 
disabling the immune response, and therefore slow down silicosis progression or 
post-tuberculous fibrosis.   Hence, although HIV infection is potentially a 
confounder in the relationship between silica dust exposure and nodule formation, it 
is difficult to predict the net effect on silicosis prevalence in working miners. 
However, HIV may drive a healthy worker survivor effect. Selecting out 
HIV infected workers from the workforce could have a number of effects. Firstly, if 
TB promotes silica nodule formation then silicotics would also be selected out if 
workers with HIV related TB leave for health reasons.  Secondly, both silicosis and 
HIV increase the risk of TB, and consequently the risk of being found unfit to work 
owing to second degree compensable lung disease (see Section 2.5).   










However, Company A and Company B report very similar HIV prevalence 
in their respective workforce, and there is no reason to suspect that Company C is 
significantly different. Therefore, it seems unlikely that the difference in silicosis 
prevalence, at least at the company-level, can be explained by HIV prevalence 
variation.  
5.5 Conclusions 
This study has found an estimated crude prevalence of silicosis (for ILO 
category 1/0 and above) in an industry-wide sample of South African gold miners 
of 5.22%. This is probably an underestimate due to a healthy worker survivor effect. 
The maturing HIV epidemic in Southern African may possibly be selecting silicotic 
workers out of the workforce via the greatly enhanced risk of pulmonary TB. 
Furthermore, this study has found that there is significant variation in 
silicosis prevalence between gold mining clusters (shafts) and between mining 
regions that requires further research. This variation is probably real and not due to 
confounding or chance, and various explanations for this variation have been 
suggested. The reason(s) for this variation is probably differences in respirable 
crystalline silica exposures, and possibly differences in respirable dust toxicity 
between the clusters and regions. These are two key areas that require further 
research. 
This study has also found that the crude silicosis prevalence has fallen since 
Cowie’s original study performed in 1984. In addition, prevalence among older, 
longer service gold miners has fallen quite significantly in the one shaft examined 
by Churchyard in 2000 and included in this study again in 2007/8.   
This study does appear to show that recent progress has been made in 
combating the scourge of silicosis that has afflicted the South African mining 
industry. However, there is still an unacceptable high prevalence of silicosis. In 
addition, there are 15 cases in this sample of miners who have developed silicosis, 
(ILO category 1/0 and above), with fewer than 10 years of exposure to dust. This 
would suggest that there are still jobs and tasks in the industry where very high 
silica dust exposures are occurring.  










As explained in Section 1.1, the South African government and mining 
industry have set a target of no new cases of silicosis in miners exposed to dust after 
2008. This seems unachievable. 
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